, or sequence variation in relatively rapidly evolving regions of mtDNA such as the cytochrome b gene (Birt-Friesen et al. 1992) or the control region (Quinn 1992; Edwards 1993a; Wenink et al. 1993) . These studies have shown that the degree of matrilineal population structure in birds is generally low, with many species showing little or no differentiation across large geographical areas, e.g. red-winged blackbird Agelaius phoeniceus (Ball et al. 1988) , song sparrow Melospiza melodia (Zink & Dittmann 1993) , redpoll Carduelis flammea (Seutin et al. 1995) . Concordance between mtDNA genealogy and traditional taxonomy is also often poor, with some species showing no concordance, e.g. downy woodpecker Picoides pubescens, mourning dove Zenaida macroura (Ball & Avise 1992) and common grackle Quiscalus quiscula (Zink et al. 1991) , and other species having subspecies grouped into mtDNA clades, with little or no correlation between mtDNA and subspecies taxa within the clades, e.g. seaside sparrow Ammodramus maritimus (Avise & Nelson 1989) , fox sparrow Passerella iliaca (Zink 1994) . A few species, however, do have a high degree of population structure, including Canada goose Branta canadensis (Shields & Wilson 1987; Van Wagner & Baker 1990 ) and dunlin Calidris alpina (Wenink et al. 1993) . There are only a few reports of mtDNA variation in island birds, but there is some indication that the degree of differentiation among these populations may be relatively high, e.g. the bananaquit Coereba flaveola (Seutin et al. 1994) . Sequence data have several advantages over RFLP analysis for phylogeographic studies: (i) sequence data have higher resolution, (ii) the genetic interpretation of sequence data is unambiguous, (iii) use of the polymerase chain reaction (PCR) to obtain sequence data enables the use of samples containing very little DNA and even degraded DNA.
In a previous paper we showed genetic differentiation between island L. l. mearnsi and L. l. gambeli from the adjacent mainland at a tandem repeat polymorphism in the mtDNA control region (Mundy et al. 1996) . Here we extend these findings by investigating more polymorphic mtDNA sequences and additional subspecies in order to determine the evolutionary distinctiveness of L. l. mearnsi. To this end we examined sequence variation in portions of the cytochrome b gene and the noncoding control region in L. l. mearnsi and four other populations of loggerhead shrike, representing a total of four subspecies. Following noninvasive genotyping methods first introduced by Woodruff (1990) DNA was obtained primarily from single feathers.
Materials and methods

Specimens
Sampling sites in southern California are shown in Fig. 1 California, from 1975 (SBMNH 3245, 3246) and 1986 (SBMNH 5299, 5300, 5301, 5380) ; three individuals from Santa Cruz Island, Santa Barbara Co., California, comprising two museum specimens from 1967 (UCLA 3484) and 1988 (SBMNH 22466), and one wild bird sampled in 1995. L. l. excubitorides: nine individuals caught at three sites in southern Saskatchewan province, Canada, in 1992; these sites are about 2500 km distant from the Californian samples. All individuals were sampled during the breeding season, except for samples from SCI, which were trapped year round, and two of the museum specimens of L. l. anthonyi, which were taken in winter. Of the SCI individuals that were trapped outside the breeding season, all except three were known to be part of the breeding population on SCI. The three exceptions were trapped and banded in winter and not seen during the subsequent breeding season. None of the individuals sampled on SCI was known to be related to each other.
Tissues sampled
One to six feathers 2-3.5 cm long were plucked from the flanks of 72 adult birds, which were caught in Channing and Bal-Chatri traps and then released. In addition, whole carcasses were available from seven birds in the San Clemente loggerhead shrike captive-breeding programme that died from natural causes and eight individuals of L. l. gambeli that had been culled because they were predators at nesting colonies of the endangered California least tern. For museum specimens, feathers, often with some attached skin tissue, were removed from the flank area.
DNA extraction, amplification and sequencing
MtDNA was isolated from liver or skeletal muscle by an alkaline lysis procedure (Tamura & Aotsuka 1988) . Total DNA was extracted from single feather shafts using 5% Chelex 100 (Biorad, Hercules, USA), following the method of Morin et al. (1994) , except that the proximal feather tip (calamus) was cut longitudinally rather than being ground in liquid nitrogen. Polymerase chain reaction (PCR) amplifications were performed in a thermal cycler (Hybaid, Teddington, UK) in a 25-µl total volume containing 0.5-1.0 units Taq polymerase (Perkin-Elmer, Norwalk, USA), 1 ҂ PCR buffer, 50 µM each dNTP, 1.5 mM MgCl 2 and 25 µg bovine serum albumin (Fraction V, Sigma, St Louis, MO, USA). Cycling parameters were as follows: 1 ҂ 94°C, 3 min; 40 ҂ 94°C, 30 s, 50-60°C, 60 s, 72°C, 90 s; 1 ҂ 72°C, 10 min. PCR products were run on 4% agarose gels containing 1% high-melting-point agarose (Fisher, Fair Lawn, NJ, USA) and 3% low-melting-point agarose (Nusieve GTG, FMC, Rockland, USA). Primers and dNTPs were removed from PCR products using Geneclean (BIO 101, La Jolla, CA, USA). Direct double-stranded sequencing was performed with Sequenase (USB, Cleveland, OH, USA) and 35 S-dATP, using a protocol containing Nonidet P-40 (Sigma) (Garza & Woodruff 1992) . Products of sequencing reactions were separated on 8% polyacrylamide gels
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© 1997 Blackwell Science Ltd, Molecular Ecology, 6, 29-37 (Long Ranger, J. T. Baker Inc., Phillipsburg, USA). Dried gels were exposed to X-ray film (X-Omat or Biomax; Kodak Eastman, Rochester, NY, USA) for 1-7 days. Sequences were read by eye. Sequences have been deposited in Genbank under accession numbers U74578-U74584.
Primers
The original primers used to amplify a portion of the control region were ND6E (ND6: 5'-CCATAAC-CAACAACCTGTCAAT-3) and HD4 (control region: 5'-CCCGACCAGCTGCATCTGTG-3') (Edwards 1993b) . Sequence obtained with these primers allowed design and synthesis of primers DLL1 (Control region: 5'-TGACGCC-CATAAATACCTATCCGGG-3'; Operon, Alameda, USA) and DLH1 (control region: 5'-AGCTCGGTTCTCGT-GAGGTTTACG-3'; Operon), the positions of which are indicated in Fig. 2 . Cytochrome b primers were L14841 (5'-CCATCCAACATCTCAGCATGATGAAA-3') and H15149 (5'-GCCCCTCAGAATGATATTTGTCCTCA-3') (Kocher et al. 1989) .
Sequence and statistical analysis
Clustal (Higgins & Sharp 1989 ) was used to align control region sequences to other published avian control regions. Cytochrome b sequences were aligned by eye. The G-test of independence was used to assess the significance of frequency differences between populations, and, because of small sample size, Williams' correction was applied (Sokal & Rohlf 1981) . Population subdivision was assessed using A M O V A 1.55 (Excoffier et al. 1992) . Overall molecular variance was estimated from Φ ST , using Jukes-Cantor distances. Φ ST was estimated by calculating Φ ST using equal distances between haplotypes. Matrilineal gene flow (Nm F ) was then estimated from the following relation under an island model: F ST = 1/(1 + 2Nm F ) (Wright 1951) . Significance of Φ ST values was determined by performing randomization tests using 500 replicates (Excoffier et al. 1992) .
Results
MtDNA variation in four subspecies of loggerhead shrike
In preliminary screens, 441 bp of sequence including the tRNA glu gene and the first part of the control region were obtained from three individuals each of L. l. mearnsi and L. l. gambeli (Fig. 2) . Only the first part of the control region sequence obtained could be aligned with other published avian control region sequences (Desjardins & Morais 1990; Desjardins & Morais 1991; Ramirez et al. 1993; Quinn & Wilson 1993; Edwards 1993a; Wenink et al. 1994) . In the six shrike sequences, there were only three variable sites all in a 100-bp region encompassed by primers DLL1 and DLH1 (Fig. 2) four haplotypes are arranged linearly along a parsimony network with a maximum pairwise divergence between haplotypes of 1.25% between haplotypes B and C, based on 400 bp of sequence (Fig. 3) .
Geographical distribution of mtDNA haplotypes
The frequencies of the haplotypes in the sampled populations are shown in On SCI, there is a marked contrast between the haplotypes of the breeding population and the three individuals that were only seen on the island during winter, which all had the C haplotype. Furthermore, four out of six C haplotype birds (including two caught in winter, one in April and one as a fledgling in July) were caught in the northern half of the island, where no shrikes have bred in the last decade, whereas all A and B haplotype birds were caught in the southern half of the island, mostly in the southern canyons where the shrikes currently breed (Fig. 4) . Taken together, these data provide strong evidence for temporary visitors to SCI which do not breed. We can exclude three of the six haplotype C birds from the breeding population on SCI, but the status of the remaining three is not known. For the following analyses we take the conservative position of assuming that these remaining three haplotype C birds were part of the breeding population on SCI. If this assumption is wrong, the degree of differentiation between SCI and mainland populations will be underestimated.
A G-test over all populations demonstrates that there is significant heterogeneity in haplotype frequencies among different sites (G adj = 106.8, d.f. = 12, P < 0.01), and pairwise comparisons between L. l. mearnsi and other populations reveal significant differences in all cases (L. Table 2 . F ST for all intersubspecific pairs of populations are all high and highly significant (P < 0.01 in randomization tests) and Nm F values are correspondingly low; F ST for the pair of populations of L. l. gambeli (San Diego and Perris) is small but significant (P < 0.05 in randomization test).
Discussion
A small number of variable sites were found in region I of the loggerhead shrike control region, which is generally considered to be the most rapidly evolving segment of mtDNA in vertebrates. These results are unlikely to be due to inadvertent amplification of a nuclear paralogue (Quinn 1992; Arctander 1995) because sequences obtained from purified mtDNA and feathers were the same, and there was no indication of multiple sequences. This amount of variation appears to be unusually low for a bird: variation within region I of the control region is much lower in loggerhead shrikes than in lesser snow geese Chen caerulsecens caerulescens (Quinn 1992) , grey-crowned babblers Potamostomus temporalis (Edwards 1993a (Edwards , 1993b ) and © 1997 Blackwell Science Ltd, Molecular Ecology, 6, [29] [30] [31] [32] [33] [34] [35] [36] [37] (Wenink et al. 1993) , and variation in cytochrome b is much lower than in thick-billed murres Uria lomvia (Birt-Friesen et al. 1992) , and grey-headed robins Poecilodryas albispecularis and chowchillas Orthonyx spaldingii (Joseph et al. 1995) . In contrast, there are few examples of low variability comparable to the loggerhead shrike. Examples based on cytochrome b data include the Atherton scrubwren Sericornis keri and large-billed scrubwren Sericornis magnirostris (Joseph et al. 1995) .
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Haplotype and nucleotide diversity in each population are within the range reported in other birds (Birt-Friesen et al. 1992; Edwards 1993b ; RFLP results for 11 species reviewed in Seutin et al. 1995) . The most striking results are the monomorphism in L. l. anthonyi, and especially in the larger sample of the Perris population of L. l. gambeli. Diversity indices are not generally greater in mainland populations than island populations.
There is strong structure among populations in southern California, including significant differences between L. l. mearnsi and three populations of the two nearest neighbouring subspecies. These results confirm and extend our previous study which showed differentiation between L. l. mearnsi and the same two populations of L. l. gambeli for a tandem repeat polymorphism in region II of the control region (Mundy et al. 1996) . Genetic differentiation between subspecies in southern California is much greater than that between the two populations of L. l. gambeli, even though the geographical distances between all populations are similar. This supports the view that morphological divergence of shrikes in southern California genuinely reflects evolutionary history.
Among the populations in southern California, it is difficult to determine to what extent the sharing of haplotypes is due to historical association or ongoing gene flow, and estimates of gene flow involving SCI are further confounded by uncertainty in the status of the birds with the C haplotype. Nevertheless, it is possible to estimate the maximum amount of matrilineal gene flow that has recently occurred. These estimates of Nm F between SCI and other populations, and between the northern Channel Islands and other populations, are all low. Low levels of female-mediated gene flow between island and mainland populations on similar spatial scales have been previously reported in other passerines, including Australian silvereyes Zosterops lateralis, (Degnan & Moritz 1992 ) and grey-crowned babblers Potamostomus temporalis (Edwards 1993b) . There is a particularly close similarity with the situation in the silvereye, where the insular subspecies Z. l. chlorocephala shares all haplotypes with Z. l. familiaris on the mainland, but there are large frequency differences in the haplotypes in the two populations.
The mtDNA data support the suggestion from fieldwork that some shrikes are temporary visitors to SCI that do not breed. As all the birds involved had the C haplotype, they presumably came from the mainland, where haplotype C is prevalent. Unfortunately, morphological data are not available to substantiate this point as the differences in flank and thigh coloration which distinguish L. l. mearnsi and L. l. gambeli are insufficient to enable reliable field identification. A majority of the breeding population of L. l. mearnsi overwinter on SCI, so this represents an unusual case where a resident subspecies is joined by an overwintering population of another subspecies, and the visiting subspecies rarely stays to breed. A similar situation is found in populations of the silvereye mentioned above, where winter visitors of the mainland race leave before the resident island race breeds (Kikkawa 1970) . The fate of the visiting loggerhead shrikes is unknown, but their presence on SCI suggests that loggerhead shrikes can readily fly over water (the distance from the mainland to SCI is 79 km, or an alternative route to SCI via Santa Catalina Island would involve over-water flights of 25 km and 49 km). The explanation for the low gene flow between SCI and the mainland is thus partly concerned with why the visiting shrikes do not stay to breed. The question arises as to whether all haplotype C birds on SCI are temporary visitors, and this can only be answered with data from other genetic markers; such studies are currently underway using hypervariable nuclear microsatellite markers (N. Mundy et al. unpublished data) .
San Clemente Island is home to several other endemic species and subspecies including 14 plants, two mammals and one bird (Powers 1980; Schoenherr 1992) . In the absence of direct evidence the approximate age of the origin of these endemics can be inferred from data on the age of the island, on the age of the parent taxon's presence in the source area, and on the degree of molecular divergence observed. Some endemics, like the island night lizard Xantusia riversiana, apparently originated as 'ancient' endemics that rode on the island terrain as it drifted north since the Miocene about 10 Mya (Schoenherr 1992) . Others, including the loggerhead shrike, probably colonized SCI by over-water dispersal more recently. We can only speculate as to when this occurred. The island itself has varied greatly in size but has been emergent for 2 Myr and possibly longer (Vedder & Howell 1980) . Shrikes have been in North America long enough for Lanius ludovicianus to speciate from Eurasian ancestors; since at least before the last major glacial episode, 100 000 years B P , and possibly 10 times that long. The SCI subspecies' overall genetic similarity to the present mainland subspecies argues for a shorter rather than longer (tens rather than hundreds of thousands of years) period of isolation and we cannot rule out a post-glacial colonization as recently as 10 000 years B P . This was the approximate time of colonization suggested by Johnson (1972) on the basis of morphological evidence. The presence on SCI of haplotypes from both the northern Channel Islands and the mainland, which share no haplotypes with each other, is suggestive of colonization of SCI from at least two sources. Double colonization of Channel Islands by terrestrial vertebrates was shown in studies of mtDNA variation in deer mice, Peromyscus maniculatus (Ashley & Wills 1987) , and the endemic Channel Island fox Urocyon littoralis (Wayne et al. 1991) .
For the shrikes, a much larger sampling effort on the Californian mainland and in the northern Channel Islands will be required to investigate this possibility.
It is remarkable that the Canadian population of L. l. excubitorides shares all of its haplotypes with populations in southern California. Based on what is known of loggerhead shrike migratory patterns (Burnside 1987) , it is unlikely that this could be explained by ongoing gene flow between the populations. Rather, the pattern of haplotypes suggests that the Canadian population shares a recent common history with at least some of the populations in southern California, and one possibility is that the relationship arises out of range expansion following the last Pleistocene glacial retreat. Divergence between the populations would then have occurred presumably as a result of drift, in the absence of appreciable levels of gene flow. Range expansion following Pleistocene glaciation has been previously suggested as a cause of widely dispersed mtDNA haplotypes in north American birds (e.g. downy woodpecker Picoides pubescens, Ball & Avise 1988 ; song sparrow Melospiza melodia, Zink & Dittmann 1993) , but in these cases there is little or no structure apparent today. The combination in the loggerhead shrike of low mtDNA variability with a strong population structure is unusual for a bird. Assuming that range expansion has occurred, there are a number of possible reasons for the difference between the pattern in the loggerhead shrike and the examples mentioned above, including: (i) lower levels of female-mediated gene flow, (ii) lower effective population size, (iii) the range expansion occurred earlier, or (iv) the range expansion occurred from separate populations that were already differentiated.
Our results show that L. l. mearnsi is genetically differentiated from its two nearest conspecifics, thus confirming its evolutionary distinctiveness and justifying attempts to conserve this critically endangered population (Morrison et al. 1995; Kuehler et al. 1995) . According to a recently proposed scheme derived from the concept of evolutionarily significant units (ESUs, Moritz 1994) , the population of L. l. mearnsi would be classified as a conservation 'management unit'.
We emphasize that these results were largely obtained using noninvasive sampling techniques -single feathers plucked from live individuals and museum specimensan important consideration when endangered populations are involved (Woodruff 1993; Morin & Woodruff 1996) .
